Translational inhibitors such as the trichothecene mycotoxin deoxynivalenol (DON) and ribosomal inhibitory proteins (RIPs) induce mitogen-activated protein kinase (MAPK)-driven chemokine and cytokine production by a mechanism known as the ribotoxic stress response (RSR). Double-stranded RNA-activated protein kinase (PKR) associates with the ribosome making it uniquely positioned to sense 28S ribosomal RNA damage and initiate the RSR. We have previously shown that PKR mediates DON-induced MAPK phosphorylation in macrophages and monocytes. The purpose of this study was to test the hypothesis that PKR is essential for induction of interleukin (IL)-8 expression in monocytes by DON and two prototypical RIPs, ricin, and Shiga toxin 1 (Stx1). Preincubation of human monocytic U937 cells with the PKR inhibitors C16 and 2-aminopurine (2-AP) blocked DON-induced expression of IL-8 protein and mRNA. Induction of IL-8 expression was similarly impaired in U937 cells stably transfected with a dominant negative PKR plasmid (UK9M) as compared with cells transfected with control plasmid (UK9C). Nuclear factor-kappa B binding, which has been previously shown to be a requisite for DON-induced IL-8 transcription, was markedly reduced in UK9M cells as compared with UK9C cells. As observed for DON, ricin-, and Stx1-induced IL-8 expression was suppressed by the PKR inhibitors C16 and 2-AP as well as impaired in UK9M cells. Taken together, these data indicate that PKR plays a common role in IL-8 induction by DON and the two RIPs, suggesting that this kinase might be a critical factor in RSR.
Deoxynivalenol (DON, vomitoxin) is a fungal secondary metabolite, produced primarily by Fusarium graminearum, and classified as a trichothecene . DON binds to the peptidyl transferase center of eukaryotic ribosomes and inhibits protein translation by interfering with chain elongation (Ehrlich and Daigle, 1987) . DON induces gene expression and/or apoptosis mediated in a concentrationdependent fashion via activation of mitogen-activated protein kinases (MAPKs) in monocytes, macrophages, T cells and B cells Uzarski and Pestka, 2003; Yang et al., 2000) as well as in lymphoid tissues of mice following oral administration (Zhou et al., 2003a) .
DON-induced MAPK activation mediates increased expression of several proinflammatory genes including COX-2, interleukin (IL)-1b, IL-6, tumor necrosis factor-a, macrophage inflammatory protein (MIP)-2 and IL-8 (Chung et al., 2003a, b; Islam et al., 2006; Moon and Pestka, 2002) . Aberrant upregulation of IL-8 is particularly notable because this CXC chemokine functions as a neutrophil chemoattractant, induces adherence of neutrophils to vascular endothelium and triggers extravasation into tissues (Linevsky et al., 1997) . IL-8 is a biomarker of sepsis (Herzum and Renz, 2008; Lam and Ng, 2008) and elevated levels of it correlate with severity of several chronic diseases (Alzoghaibi et al., 2003; Banks et al., 2003; Georganas et al., 2000; Liu et al., 2000; Suzuki et al., 2000) . The capacity of DON to aberrantly upregulate IL-8 production is therefore potentially of toxicological significance.
Both p38 and nuclear factor-kappa B (NF-jB) play important roles in IL-8 expression (Bhattacharyya et al., 2002; Grassl et al., 2003; Marie et al., 1999; Shuto et al., 2001) and, furthermore, p38 activation can be linked to NF-jB activation (Hippenstiel et al., 2000) . Consistent with these findings, we recently established that p38 activation is necessary for DONinduced IL-8 expression in cloned and primary human monocytes and that DON-induced IL-8 expression is also NF-jB-dependent (Gray and Pestka, 2007) .
MAPK activation by trichothecenes and other translational inhibitors has been termed the ''ribotoxic stress response (RSR),'' a process believed to be triggered by damage to the 28S ribosomal RNA (rRNA) peptidyl transferase center (Iordanov et al., 1997; Shifrin and Anderson, 1999) . Two well-known, potent inducers of the RSR are the ribosomal inhibitory proteins (RIPs) Shiga toxin 1 (Stx1), which is produced by E. coli O157:H7 (Iordanov et al., 1997; Smith et al., 2003) and ricin, which is produced by the castor bean plant (Smith et al., 2003) . Stx1 and ricin are N-glycosidases that target the sarcin-ricin loop of the 28S rRNA peptidyl transferase center (Narayanan et al., 2005) . Both of these RIPs are included in the U.S. Department of Health and Human Services Select Agents list because of their potential for use as agents of bioterrorism (Pastel et al., 2006) , and are thus of considerable public health importance. Like DON, both Stx1 and ricin elicit IL-8 production in experimental animals and cell cultures (Andreoli, 1999; Gonzalez et al., 2006b; Jandhyala et al., 2008; Nakagawa et al., 2003; Thorpe et al., 1999; Yamasaki et al., 2004; Zhang et al., 2001) .
A critical gap remains in our understanding of the early upstream signal transduction events that mediate induction of IL-8 expression by DON and other translational inhibitors. An attractive candidate for transducing early signals is doublestranded (ds) RNA-activated protein kinase (PKR). PKR contains two dsRNA-binding domains which contribute to its activation and ability to phosphorylate other proteins (Sadler and Williams, 2007) . PKR phosphorylates eukaryotic initiation factor-2a, which reduces protein synthesis (Galabru and Hovanessian, 1987; Hartley and Lord, 2004) . PKR is also known to upregulate p38 activation and NF-jB binding (Garcia et al., 2006; Williams, 2001) . Because PKR associates with the ribosome in close proximity to the peptidyl transferase center (Kumar et al., 1999; Zhu et al., 1997) , it might be uniquely positioned to serve as a sensor for 28S rRNA damage. Our laboratory has previously demonstrated that PKR plays a role in DON-induced activation of p38 and other MAPKs in cloned monocytes and macrophages .
The purpose of this study was to test the hypothesis that PKR is essential for inducing IL-8 expression by DON, Stx1 and ricin in human U937 monocytes. The results indicate that PKR was required for induction of IL-8 by all three toxins, suggesting that this kinase plays an important role in the RSR.
MATERIALS AND METHODS
Experimental design. All chemicals and reagents were from Sigma (St Louis, MO) unless otherwise noted. U937 cells, isolated from the pleural effusion of an individual with diffuse histiocytic lymphoma (Sundstrom and Nilsson, 1976) , were obtained from American Type Culture Collection (Manassas, VA). Cells were grown in RPMI-1640 supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS) and 100 U/ml penicillin and 100 lg/ml streptomycin (Gibco BRL, Rockville, MD) at 37°C with 6% CO 2 . Fresh media was added as necessary to passage the cells. Cells (1 3 10 6 cells/ ml) were incubated with DON (Sigma), Stx1 (Toxin Technology, Inc, Sarasota, FL) or ricin (Vector, Burlingame, CA) for time intervals deemed optimal in preliminary studies for determination of IL-8 protein by enzyme-linked immunosorbent assay (ELISA) (12 h), IL-8 mRNA by reverse transcription-PCR (6 h) or NF-jB binding (3 h). Concentrations of Stx1 and ricin were chosen based on those found in previously published studies (Ramegowda and Tesh, 1996; Rao et al., 2005; Smith et al., 2003; Uzarski and Pestka, 2003) .
In some studies, different selective PKR inhibitors were used. The PKR inhibitor C16, an imidizole-oxindole compound (Jammi et al., 2003) or its negative control, an inert analog, were obtained from Calbiochem (La Jolla, CA), dissolved in dimethyl sulfoxide (DMSO) and added to cultures at 2.5lM 45 min prior to toxin addition. The PKR inhibitor, 2-aminopurine (2-AP) (5mM in water) or vehicle control were added to cultures 1 h prior to toxin addition. The p38 inhibitor, SB203580 (Calbiochem) (2.0lM in DMSO) or vehicle control were added as cotreatments with DON. Concentrations for the three inhibitors were not cytotoxic in the MTT assay and were selected based on previously published cell culture studies (Cheung et al., 2005; DeWitte-Orr et al., 2007; Islam et al., 2008; Ito et al., 2007; Zhou et al., 2003b) .
Other studies employed U937 cells that were stably transfected with a constitutively expressed nonfunctional mutant form of PKR (U9KM) cells or with an empty plasmid (U9KC) as described previously (Cheung et al., 2005) . U9KM and U9KC cells were grown in RPMI-1640 supplemented with 10% (vol/vol) FBS, 0.5 mg/ml geneticin (Gibco BRL) and 100 U/ml penicillin and 100 lg/ml streptomycin (Gibco BRL).
RNA isolation and reverse transcription real-time PCR. RNaqeous kits (Ambion, Austin, TX) were used to isolate RNA from cell pellets. Briefly, cells are lysed, nucleic acids precipitated with ethanol, RNA trapped in a glass fiber filter, and the RNA eluted and stored at À80°C.
Reverse transcription real-time PCR was performed using One-Step PCR Master Mix and IL-8 Taqman Gene Expression Assay (NCBI NM 000584.2) (NCBI B2M-NM 004048.2) or the b-2 microglobulin Taqman Gene Expression Assay (Applied Biosystems, Foster City, CA). Reaction conditions and PCR program followed the manufacturer's instructions using an ABI 7900HT (384 wells) at the Michigan State University's Research Technology and Support Facility. Fold change was determined using a relative quantitation method .
IL-8 enzyme-linked immunosorbent assay. After treatments, cell cultures were centrifuged for 10 min at 300 3 g and the supernatant fraction collected. OptELISA kits (Pharmingen, San Diego, CA) were used for IL-8 protein measurement according to manufacturer's instructions with two modifications. First, the highest standard utilized was 1600 pg/ml, instead of 400 pg/ml. Second, to economize on reagents 50 ll of antibody dilutions and samples were used per well instead of 100 ll. All samples were read at 450 nm in a Vmax Kinetic Microplate Reader (Molecular Devices, Menlo Park, CA).
Nuclear protein isolation and assessment of NF-jB binding. Nuclear proteins were isolated using the Nuclear Extraction Kit (Active Motif, Carlsbad, CA) according to the manufacturer's instructions. Separation of cytoplasmic and nuclear proteins was done by using a hypotonic buffer and detergent to break the cytoplasmic membrane, then pelleting and lysing the nuclei. Nuclear protein was quantitated with a DC Protein Quantitation Kit (Bio-Rad, Hercules, CA) and diluted to 2.5 lg/ll. Binding of p65 NF-jB was assessed with the TransAM NF-jB Family Flexi kit (Active Motif) using IL-8 promoter specific probe sequences as described previously (Gray and Pestka, 2007) . The wild-type IL-8 probe was labeled using a Biotin 3# End DNA Labeling Kit (Pierce, Rockford, IL) following the manufacturer's instructions. Probes were duplexed by incubating 1 pmol/ll of each oligonucleotide together at 95°C for 5 min and ramping back to 4°C by decreasing 1°C/min. Nuclear protein (20 lg) was incubated with a duplex, biotin labeled IL-8 specific probe, then added to a strepavidin coated 96-well plate. After washing, wells were incubated sequentially with a primary antibody for p65 NF-jB, followed by anti-rabbit peroxidase-conjugated antibody. After substrate addition, peroxidase activity was by reading 450 nm in a Vmax Kinetic Microplate Reader (Molecular Devices).
Statistics. Data were analyzed with SigmaStat v 3.1 (Jandel Scientific, San Rafael, CA). IL-8 protein and RNA data were analyzed using one-way analysis of variance with Student-Newman-Keuls Method for pairwise comparisons unless otherwise noted. p < 0.05 was considered significant.
RESULTS
The contribution of PKR to DON-induced IL-8 mRNA expression was assessed in U937 monocytes using selective inhibitors. DON (1.0 lg/ml) markedly elevated IL-8 mRNA concentration after 6 h (Fig. 1) . Pretreatment with C16 suppressed DON-induced IL-8 mRNA expression as compared with cultures treated with the negative control inhibitor (Fig.  1A) . These results were confirmed with 2-AP, a second PKR inhibitor, which also significantly inhibited DON-induced IL-8 mRNA expression as compared with cultures treated with vehicle (Fig. 1B) .
Suppression of IL-8 mRNA in U937 cells by PKR inhibitors was further related to IL-8 production. DON at 0.5 and 1.0 lg/ ml induced robust IL-8 protein production after 12 h (Fig. 2A) . Pretreatment with the PKR inhibitor C16 inhibited DONinduced IL-8 protein production by more than 90% as compared with cultures treated with the negative control inhibitor (Fig. 2A) . Pretreatment with 2-AP, also suppressed IL-8 protein production by more than 90% as compared with cultures treated with vehicle (Fig. 2B) .
Further confirmation of the role of PKR in DON-induced IL-8 mRNA expression was obtained using U937 cells containing dominant negative PKR. Both U9KC and U9KM cells have a plasmid with a constitutive promoter stably inserted into their genome, however, the plasmid in U9KC cells is empty, whereas the plasmid in U9KM has the coding sequence for a mutant form of PKR, thus rendering the dominant form of PKR nonfunctional (Cheung et al., 2005) . Both U9KC and U9KM cells exhibited increased IL-8 mRNA expression 6 h after treatment with DON. However, U9KM cells expressed significantly less IL-8 mRNA as compared with U9KC cells (Fig. 3) .
DON-induced IL-8 mRNA expression in U937 cells is mediated at the transcriptional level by NF-jB, specifically p65, but does not appear to involve mRNA stabilization (Gray and Pestka, 2007) . The role of PKR in induction of p65 NF-jB binding by DON was therefore assessed using the constitutively expressing dominant negative cultures. Nuclear extracts from U9KC and U9KM cells treated with DON (1.0 lg/ml) for 3 h exhibited increased p65 NF-jB binding as compared with their corresponding vehicle controls (Fig. 4) . However, extracts from DON-treated U9KM cells exhibited significantly less p65 NF-jB binding than did those from DON-treated U9KC cells. A similar trend was evident when vehicle-treated U9KM and U9KC cells were compared.
Using selective inhibitors and antisense knockdown, we have previously determined that PKR is required for DONinduced p38 MAPK phosphorylation in U937 cells (Zhou et al., 2003) , and further observed that p38 mediates DONinduced IL-8 protein and mRNA expression . Because p38 MAPK reportedly can drive NF-jB activation (Hippenstiel et al., 2000) , the effects of inhibiting this kinase on DON-induced NF-jB binding were ascertained. U937 cells were incubated with and without the p38 MAPK inhibitor SB203580 concurrently with or without DON (1 lg/ ml) for 3 h prior to isolation of nuclear protein and p65 NF-jB binding measurement. Treatment with SB203580 blocked DON-induced p65 binding (Fig. 5) .
The possibility that PKR plays a similar role in mediating IL-8 induction by other ribotoxic stressors was addressed using the RIPs Stx1 and ricin in conjunction with specific inhibitors. IL-8 protein concentrations were markedly increased in U937 cultures 12 h after treatment with Stx1 at 0.5 and 1.0 lg/ml (Fig. 6A) or with ricin at 0.5 and 1.0 lg/ml (Fig. 6B) . (U9KM), were treated with 0 or 1 lg/ml DON for 3 h before isolation of nuclear protein and assessment of p65 NF-jB binding. Data are mean ± SEM of pooled results from two independent experiments (n ¼ 4). Asterisk indicates significantly different from corresponding vehicle control (p < 0.05).
FIG. 5.
The p38 inhibitor SB203580 significantly reduces DON-induced p65 NF-jB binding. U937 cells were treated with 0 or 2.0lM SB203580 with 0 or 1 lg/ml DON for 3 h before isolation of nuclear protein and assessment of p65 NF-jB binding. Data are mean ± SEM of pooled results from two independent experiments (n ¼ 3). Asterisk indicates significant difference from corresponding vehicle control (p < 0.05).
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lower in U9KM than U9KC cells. Thus, as with DON, Stx1-and ricin-induced IL-8 expression appeared to be mediated through PKR.
DISCUSSION
Ribotoxins can be encountered in food, the environment, during infections and have the potential to be used as agents of bioterrorism. Understanding the molecular mechanisms by which these agents deleteriously affect human health will facilitate development of novel preventative and treatment strategies. The signal transduction events linking ribotoxininduced 28S rRNA damage and downstream MAPK-driven events remains poorly understood. PKR is a serine/threonine kinase that is known to localize to the ribosome (Wu et al., 1998; Zhu et al., 1997) and contains specific dsRNA-binding motifs which facilitate its activation (Williams, 2001) . Thus, PKR is uniquely positioned to play a role as early signal transducer following damage to rRNA by a ribotoxin. In this study, we evaluated the role of PKR in a monocyte model that has been previously used by our laboratory to study mechanisms for DON-induced MAPK activation and IL-8 induction (Gray and Pestka, 2007; Islam et al., 2006; Zhou et al., 2003b) . The results presented here suggest PKR plays an integral role in IL-8 upregulation by DON as well as for the RIPs Stx1 and ricin.
Many studies have shown contributory roles for both NF-jB and p38 in expression of IL-8 (Bhattacharyya et al., 2002; Grassl et al., 2003; Marie et al., 1999; Shuto et al., 2001) . DON-induced IL-8 expression observed in U937 monocytes is dependent on both NF-jB (Gray and Pestka, 2007) and p38 FIG. 6 . The C16 PKR inhibitor significantly suppresses Stx1-or ricininduced IL-8 protein production. U937 cells were pretreated with C16 inhibitor (2.5lM) or a negative control inhibitor (2.5lM) for 45 min before addition of 0, 0.5, or 1 lg/ml (A) Stx1 or (B) ricin. Culture supernatant was collected 12 h after addition of toxin and IL-8 protein was assessed by ELISA. Data are mean ± SEM (n ¼ 3). Asterisk indicated significantly different (p < 0.05) from vehicle control. Data are representative of two independent experiments.
FIG. 7.
The C16 PKR inhibitor significantly suppresses Stx1-or ricininduced IL-8 mRNA expression. U937 cells were pretreated with C16 inhibitor (2.5lM) or a negative control inhibitor (2.5lM) for 45 min before addition of 0 or 1 lg/ml (A) Stx1 or (B) ricin. RNA was isolated 6 h after addition of toxin and IL-8 mRNA was assessed by real-time PCR. Data are mean ± SEM (n ¼ 3). Asterisk indicates significant difference (p < 0.05) from vehicle control. Results are representative of two independent experiments. 326 GRAY ET AL.
at Pennsylvania State University on February 23, 2013 http://toxsci.oxfordjournals.org/ . Activation of NF-jB first requires that an inhibitory protein, IjB, is phosphorylated, primarily by the IjB kinase (IKK) complex, and degraded in the cytoplasm before translocation of active NF-jB to the nucleus (Liang et al., 2004) . PKR is known to associate and activate NIK, one potential IKK complex member (Zamanian-Daryoush et al., 2000) .
PKR has been previously shown to be critical for DONdependent activation of p38 in U937 cells . PKR is known to interact with apoptosis signaling kinase 1 (Takizawa et al., 2002) and mitogen-activated kinase 6 (Silva et al., 2004) , both of which can drive p38 phosphorylation. Recently, PKR has been shown to form a functional complex with p38 (Alisi et al., 2008) . Activation of p38 has also been linked to activation of NF-jB (Shuto et al., 2001) .
Overall, the data presented here and previously suggest that PKR plays a key role in DON-induced NF-jB upregulation either directly or via p38 and, ultimately, IL-8 expression (Fig. 10) .
Because DON was capable of activating the RSR and DONinduced IL-8 expression is reliant on PKR, it was of interest to determine whether other ribotoxins, such as Stx1 and ricin, require PKR for IL-8 gene induction. Previous studies have shown that Stx1-and ricin-induced IL-8 protein is p38-dependent in HCT-8 human epithelial cells (Thorpe et al., 1999) and 28SC human monocytes (Gonzalez et al., 2006a) , respectively. PKR activation might represent a common point in the RSR for these three toxins. Future studies should clarify whether IL-8 expression is similarly affected in other cell lines and if NF-jB, like p38, is also involved in Stx1-and ricin-induced IL-8 expression in U937 cells. 
PKR MEDIATES RIBOTOXIN-INDUCED IL-8
Ribotoxic agents might alter 28S rRNA tertiary structure sufficiently for them to bind and activate ribosomal-bound PKR, driving NF-jB activation directly or indirectly via p38 activation. Ricin and Stx1 are known to have N-glycosidase activity and to damage the sarcin/ricin loop in the peptidyl transferase center of 28S rRNA. Damage to this stem loop might facilitate its binding to one or both dsRNA-binding domains of PKR thereby causing PKR's activation. The mechanism by which DON and other chemicals lacking N-glycosidase activity might activate PKR is less apparent. One possibility is that an altered tertiary structure resulting from DON binding to the peptidyl transferase area might unmask sufficient ds rRNA from the ribosome to activate PKR. An alternative possibility is that DON binding renders 28S rRNA accessible to cleavage by endogenous nucleases, thus unveiling a portion of dsRNA sufficient to activate PKR. Consistent with these possibilities, we have recently demonstrated that DON induces cleavage of the central loop of 28s domain v of peptididyl transferase (Li and Pestka, 2008 ). An alternative mechanism for PKR activation might involve the activation of TLR (Cabanski et al., 2008) by agonists (e.g. dsRNA, chromatin, lipids) released by necrotic cells. Further investigation of this possibility should be considered.
Taken together, these data indicate that PKR plays a common role in IL-8 induction by DON and the two RIPs suggesting that this kinase might be a critical factor in RSR. PKR might be an attractive target for prevention or treatment of trichotheceneor ricin-associated toxicoses as well as for hemolytic uremic syndrome associated with Stx-producing bacteria such as E. coli O17:H7. A clearer understanding of the signal transduction mechanisms is needed. It further needs to be determined whether PKR is similarly associated with other toxicity biomarkers and pathologic sequelae associated with ribotoxin exposure.
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